We report on the control of coherent longitudinal-optical phonon decay in GaAs by using an additional carrier pump in femtosecond pump-probe measurements. A suppression of the coherent phonon amplitude via the carrier-phonon interaction, which is launched by using photo-excitation of the carrier pump, is demonstrated. Phonon decay controls were achieved by adjusting the intensity and the relative timing of the carrier pump pulse.
I. INTRODUCTION
The development of ultrafast pulse lasers has enabled time-resolved detection of transient phenomena in the picosecond and the subpicosecond time domains. Real-time observation of coherent lattice vibrations in semiconductors and semiconductor heterostructures has also become possible with improvements in measurement techniques [1] [2] [3] . When laser pulses with durations sufficiently shorter than the period of a fundamental lattice vibration are incident on a material, lattice modes coherent even in phase may be excited. These coherently excited modes can be observed by detecting diffraction, reflection, or transmission changes in time-resolved pump-probe experiments.
Recent application of coherent phonons has extended to quite vigorous fields such as direct observation of coherent atomic motions with time-resolved X-ray diffraction [4, 5] , and ultrafast structural changes by excitation of large amplitude coherent phonons [6, 7] . The ability of coherent phonons to forcibly drive precise transformations in carbon nanotubes was suggested [8] , and the observed red shift of the coherent phonon frequency for intense excitations, which forced lattice displacements up to several percent of the interatomic distance in Bi, was explained using the anharmonicity of the lattice poten- * E-mail: kyee@cnu.ac.kr; Fax: +82-42-822-8011 tial [9] . A similar behavior observed in tellurium was interpreted by the electronic softening of lattices [10] .
Coherent lattice vibrations can be excited with several generation mechanisms using femtosecond pulses. In bulk GaAs, surface-field screening by photo-generated carriers was reported to be responsible for coherent longitudinal-optical (LO) phonon generation [11] . In semimetals, a so-called displacive excitation of coherent phonons (DECP) was proposed [2] . On the other hand, impulsive stimulated Raman or Brillouin scattering (ISRS or ISBS) has also been established as a coherent phonon generation mechanism [12] .
Regarding the dephasing channel of coherent lattice modes, anharmoic phonon decay processes into two or three lower energy phonon branches has been observed for Bi and GaN [13, 14] . Coherent phonon relaxations via interactions with carriers (carrier-phonon interaction) have also been reported for GaN and low-temperaturegrown GaAs, where the phonon decay rate is proportional to the carrier density [15, 16] . In the presence of electronic or hole-type carriers, the LO phonon decay rate Γ total can be described by a sum of two terms such that
where Γ anh is the anharmonic phonon decay rate without the contribution of electron-phonon interactions and Γ el is the electron-LO phonon scattering constant, with n being the carrier density. In this paper, we report on control of the decay of coherent LO phonon oscillations by using a secondary pump pulse in GaAs. By carrier injection with a secondary pump, the carrier-phonon interaction builds up for coherent phonon decay, with which we can control the coherent LO phonon decay in GaAs. Both control of the remaining phonon amplitude by adjusting the density of carrier injection and control of the decay time by appropriate timing of the secondary pump are demonstrated.
II. EXPERIMENTS
Using a Ti:sapphire laser, which generates femtosecond pulses with 20 fs durations at full width at half maximum (FWHM) and a repetition rate of 90 MHz at the center wavelength of 780 nm, we have performed time-resolved reflective electro-optic sampling (REOS) experiments on a GaAs layer grown at low temperature. Instead of the typical pump-probe technique which uses a pump beam for generation of coherent phonons and a probe beam for detecting the phonon oscillations, we have adopted two pump beams where one (phonon pump) is used for generation of coherent LO phonon oscillations and the other (carrier pump) for free carrier generation. As shown in Figure 1 , femtosecond pulses are divided into two pump beams and one probe beam. In the path of the carrier pump beam, a dispersive material was put to elongate the pulse width of the carrier pump to 330 fs, so that the carrier pump excites carriers, but does not generate additional coherent phonons according to the criterion of coherent LO phonon generation, which requires the pulse width to be much shorter than the LO phonon period (115 fs) in the material. Following the phonon pump, the temporal position of the carrier pump was delayed by moving delay stages equipped for both phonon and carrier pumps. To minimize the effect of carriers generated by the phonon pump, we have set the phonon pump intensity to be as small as possible. A reflection modulation of the probe beam by the coherent lattice vibrations was measured by using a differential photo-detector as a function of the time delay between the probe beam and the phonon pump, where we have used a shaker to induce a time delay for the probe beam. The two pump beams and the probe beam were focused to a spot size of roughly 30 µm by using a lens with 5 cm focal length. The experiments were performed at room temperature, and the sample studied is a GaAs layer with a thickness of 1 µm grown at a low temperature of 225
• C by molecular beam epitaxy (MBE) after the ZnSe buffer layer on a semi-insulating (001) GaAs substrate.
III. RESULTS AND DISCUSSION
In Figure 2 (a), we show a time trace of the phonon pump and the carrier pump obtained from the crosscorrelation signal with the probe beam, where a time delay of zero was set to be the time at which the phonon pump and the probe beam overlap. The carrier pump with pulse duration of 330 fs FWHM follows the phonon pump with a relative time delay of 1.15 ps. Although we do not show the results, we have confirmed that the coherent LO phonon generation by the carrier pump is negligible due to its pulse width being longer than the LO phonon period in GaAs. The intensities of the phonon pump and the carrier pump were set to be 8 mW and 50 mW, respectively, which correspond to photo-generated carrier densities of 0.71 × 10 17 cm −3 and 4.4 × 10 17 cm −3 , respectively. Assuming as a fast carrier density decay time of 2 ps, as estimated from typical pump-probe measurements performed with the same GaAs sample, we can obtain the carrier density profile as a function of time delay, as shown in Figure 2(a) . The carrier density reaches a maximum just after the carrier pump, then decreases with time delay. As the phonon decay rate under the influence of the carrier-phonon interaction is proportional to the carrier density, as in Eq. (1), coherent phonon oscillations generated by using the phonon pump will suffer a stronger decay due to many carriers being excited by the additional carrier pump. Figure 2 (b) shows time-resolved reflectivity changes of the probe beam with and without the carrier pump. The fast modulations with a period of 115 fs correspond to the signature of the coherent LO phonon oscillations generated by the 40 fs FWHM phonon pump. While coherent LO phonon amplitude decays with a time constant of ∼9 ps without the carrier pump, the phonon amplitude suffers an abrupt decay around 1.4 ps, coincident with the arrival time of the carrier pump. The region of abrupt phonon decay corresponds to a region with a large carrier density as shown in Figure 2(a) . Thus, the abrupt phonon decay can be explained by the additional phonon decay channel launched by the carrier pump.
We have shown the feasibility of controlling coherent LO phonon decay with a secondary carrier pump. For more detailed studies, we changed the intensity of the carrier pump. Figure 3(a) shows coherent LO phonon oscillations at several different excitation densities of the carrier pump. As shown in the figure, phonon decay is sensitive to the intensity of the carrier pump. The phonon decay becomes more abrupt at higher carrier pump intensities, while it becomes less abrupt at smaller carrier pump intensities. In Figure 3(b) , we plot regional fast-Fourier transform intensity between 3 ps and 8 ps, normalized by the value without carrier pump, as a function of the carrier density excited by the carrier pump. As expected, the sustaining coherent phonon amplitude decreases rapidly with increasing carrier pump density. These results show that one can control the remaining coherent phonon amplitude by adjusting the carrier pump intensity.
In addition to the amplitude control, the timing of the phonon decay can be controlled by adjusting the delay of the carrier pump relative the phonon pump. Figure 4 shows coherent LO phonon oscillations where the carrier pump with an excitation density of 4.4 × 10 17 cm −3 was positioned at several time delays from 1.34 ps to 6.14 ps relative to the phonon pump. Manifestly, the suppression of LO phonon oscillations is direct and immediate in the response to the introduction of a strong carrier pump. These results mean that one can suppress coherent phonon oscillations intentionally at a certain time after initial phonon generation by using an appropriate time positioning of the carrier pump in two-pump, oneprobe pump-probe experiments.
IV. CONCLUSIONS
Control of the coherent LO phonon decay in GaAs was demonstrated with a secondary pump pulse. Coherent phonons excited by the phonon pump could be suppressed by the following carrier pump due to phonon dephasing channel carrier-phonon interactions launched with photo-excited carriers by using the carrier pump.
By adjusting the intensity and the relative time delay of the carrier pump, the remaining amplitude and the suppression time of coherent LO phonon oscillations could be controlled.
